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OPTICAL nBRE WITH QUANTUM DOTS 

This inveniioa lelates to an optical fibre aod has patticular burnot excfajsive 
^lieatioa to use as an optical a mplifi e r . 
> . • . ■ 

Bad^round of the Inventiim 

It is known that etbinm doped fibres can be used as conical amplifiers. 
However, they suffer from a number of disadvantages. For example, a long 
lengdi of fibre is requited in order to achieve a significant level of 
m amplification, e.g, 10m. Also, erbium is a tone substance so manufacture of 
the doped fibre is oomples and requires stria pollution control measures. 

Recently, it has been shown that veiy small pamdes, fabricated on the 
nanometre scale, give rise to^edfic opacal eSeas, audi as 
li electrohuninesoenGe. A review is given in Colloidal Semi-conduaor Q- 
Paxtides; Chemistry in the Transition Region Between Solid State and 
Molecules, M. WeOen Angew, Chem. Int. Ed. EngL 1993, 32,41-53. These 
nanometre scale pamdes are known as quantum dots. 

20 A laser making use of quantum dots is described bus Patent No. 5 260 957. 
In this arrangement, a host material such as PMMA contains quantum dots. 
The huer may be in the form of a channd waveguide device, the host 
jMterid being arranged in a cavity fofined in a channd machined in a 
substrate, the substrate having a lower refraeove index than the host. The 

3j laser is pumped by an enemal light source in order to provide a laser output. 
The use of polymeric material is said to be advantageous. 

An optical fibre widinon4mear optical duuracterisna is known from JP-A-4- 
195028, in which the interior of a tubular ^ sheath is coated with materiak 
JO that, on subsequent hearing, fonnpaiticuhWMterial disposed in a glass 

of the fibre. 
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The pteson invendon is conoenied with the produccion of an optical fibre 
with in^roved anpUficatioii or wavdet^ith convernon chaiactetistics. 

It, «/yY^ rfbn«> «ritti the premt invMition. there is provided an opoal fibre 
} with a colloid of quanram dots therein. 

The fibie may indude a core and a daddins, with the colloid of quantum dots 
forming at least pan ci the core. 

M The colloid of quantum dots mzf include a non-vitreous 5tq>port medmm in 
whiidi the dots are dtqiersed, e.g didilorobenzene, tohiene, benzene, 
nitrobenzene, pTridene or carbontetrachloride. 

The dot density in the medium and the diameter disttibution for the dots arc 
IS selected dependmg on the application of the fibre. Similaily, the materials 
from which die dots are made are selected depending on the intended use. 
For exan^l^ when used as an optical an^Iifier, the ^lantum dots may 
comprise lead sulphide ^bS) with a diamecer range of MO am. 

20 The fibre according to the invention has particular application as an ampli^^ 
when pumped by an external sottioe. so that input liglit, fcg. light pulses, can 
be amplified. The anangemenc may be similar to that used for a conventional 
eihium doped fibre, but with the advantage that the amp l i fi ca t i on is more 
efGdent and so a mudi shorter length of fibre can be wed. The fibre however 

2S has other uses, e.g. as a wavelex^ith converter. 

Brief Descciptiott of the Drawings 

In Older that the invention may be more fully understood, an embodiment 

thereof and a method of making the same will now be described by way of 
M exan^le with seforenoe to the accompanying drawings, in which: 

Fignre 1 is a schematic peispecthw view of an optical fibre in aa»rdaiice wid^ 

the invention; 
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Flgiue 2 is a aransvene cross section of the fibre shown in Figure 1; 
Figuie 3 shows « method of making the fibre shown in Figiire 1; and 

Hgiiie 4 ilhuciates the fibt^ used in an optical aniplifier. 

Detailed Deseription 
5 Resizing to Figure lathis shows an enapk of optical fibre in aaxMdaace 

with the invenxian which consists of a tnbdar g)a» «heach 1 that has an 
dongazed central opemng 2 ntuung the length cbereo£ Such a hollow fibre 
can be nude and filled with a lu]iiid in the manner demonstrated bf Kaihjrv 
and Finlay«on in Optics Letters 17 pp 405^ (1992). TTje central openmg 2 
M is filled with a colloid of quantum dots, namely a support medium 3 that 
contains quantum dots 4. This can be seen clearly from Fipue 2. 

The colloid of quantum dots (3,4) forms the core of the fibre and the gjass 
sheath 1 forms its dadding. The refcactive index of the suppoit medium 3 is 
js selected to be somewhat greater than the re&acdve index of the glass sheath 1 
so that the sefiacttve indes ^fbrenoe An wiU cause Hgjb inodeot at one e^ 
of the fibre 10 be propap«ed abng the length of the ooPB, in a manner wdl 
known perse for optical fibres. Thu$»iyttttanaminedakng the fibre is 
htddenx on the quantnm dots 4 held m the support medhim 3. 

The quantum dots 4 are sdected to produce photoluimnescence. An 
appropriate selection is to use a inaterial that hnnine»« eCBdently in the buU^ 
e.g. a direct g^ semiconductor or insulator such as a m-V, n-VI or tVn 
marerial or some alloy of these. However, other material should not be 
3s eaJuded, because selection rules that prevent a material h i minrying efficiently 
inthebulk are rehored to some extern in quantum dots. Also the surfwe 
ttcstment of the quantum doB may inyoduce new electronic transitions that 
may lead to effideat bminescence that is not related to the bulk dectronic 
sttuctnre. 

JO 

Suitable materiaU for the support medhmi are Uquids with a refracciye in^ 
larger than dut for die gbssolwhidi the fibre as composed. Examplesof 
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such liquids aie tohien^ benzene and nicrobenzene. 

As described by Wdler, hitliecto, mudi zeseaxdi has been carried out on 
cdioidal samples £E>rCdS,GdSe»PbSe and PbS, althoiigii leports on the 

s syatfaeris of other panklesinchideZnS,ZnO,TlQ,,AgI,AgBr,^ 
CdTe,In,S„In^Cd,PaiCd3A|i and also GaAs. The sulphides, sdentdei^ 
Tflf^iri.l.t^ and phosphides can be pr^aied by pxedpitation by E^, HjSe, 
H^Te or FH, or their alkaline metal salts, horn a sokrion oomaining the 
metal ion. Either AsH, or As(Ca^) is used for the prepandon of aisenides. 

M The oxides are pr^aredt for exaaq)le by the hydralysb of die alko^ 
con^unds. Stable colloidal solutions are obtained by the addition of 
stabilisers (tensides, organic or inorganw polymers). 

A much used method for the preparation of qoantttm dots is the precipitation 
in the presence of sodhun polypho^hate as a stabiliser. The polyphoq>hate is 
wdl suited for the stabilisation of quantum dots, because the diain is strongly 
bound by metal ions to the partidesttzfue. It causes electrostatic repulsion 
between paiddes because of its charge and also keeps them apart stericatty 
becnue ^ its ehun lei^th. By means of the methods described by Weller it 
is possible to grow a colloidal sofaition containing for ezan^le CdSe particles 
of avcn^ diameter U-2run. 

A wide range of quantum dot diameters mqr be used. For example, quantum 
dots within a diameter range of l-^Qnm may pradooe ose&l resoks. Dots with 
a smaller diameter wiU produce more pronounced flnoresoenoe so a range of 1- 
20 nm nuTjr be preferred. 

As shown in Figure 3, the colloidal sohition may be caused to enter the 
tubular ^ass sheath 1 by capillary action. One end of the sheath 1 is inserted 
uno A reservoir 5 containing the colloidal material 3, 4 which then fills the 
central opening 2 of the sheath by capillary action. If necessary, negative 
pressure can be applied to the other end of the sheath to aid the filling 
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proGOS. Posithwpxwnae nay be applied to the of the colbi^ 
Butenal in the reservoir 5. 

Figure 4 shows an aanple of the fibre aocoiding to the inyeadon in an 
s optical amplifier. One end of the fibre lis spliced at retion 6 to a 
conventional liliea optied fibre 7\Hiidi itself is f^ 
coupling region 9. Optical signals fifom a source 10 are directed into the fibre 

I. AdditionaDy, the fibre is punqied by. to example, a semiconductor law 

II, in Older to promote an electron from one of the low energy states 
19 (normaUy occupied in the absence of the pump or signal beams) in the 

quantum dot into one of the high energy states (normally unoccupied in the 
absence of the pump or signal beams). The electron can then amplify a light 
signal from the source 10 by making a transition back from one of the high 

energy states to one of the low energy states and thereby emitting a photon, 
ij provided the eno^ tost by the electron in making the transition matches tte 

energy of the photons in the signal beam. 

The invention has the advantage that the amplification efiBdency of the fib^ 
as shown in Kgure 4, is much greater than that of a eonvottional erbmm 
» doped fibre so that the length of fibre needed to achieve the appropriate 
amplification level is stpiifieanily reduced. Also, the power kvds from the 
laser 11 may be rediwd signifieaatfy. Fufthenaore, the ntt^ 
toxic which greatly sin^lifies mannfiianre. 

V A great advantage of a quantum dot an5>lifier is the ease with which it is 

po8sa»fc to engineer the gain spectrum so that it is reasonably flat over the 
entire window of the fibre thereby allowing an wavelengths in a wave 

division multiplex tnmsmission system to benefit equally from amplification. 
This can be achieved by ensuring that there is a suitable spread in the sizes of 

JO the quantum dots. If this cannot be done in one prq«raiion, it can be 

achieved by mixing quantum dots from different preparations containing 

quantum dots of difierent mean sizes. 
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Vhilsc the arrangement of Rgure 4 produces amplificarion, h will be 
appicctated that an appropriate choke of the qaansam dots^ wavelength 
conveiaon can also be adiieved. In Older to achieve this, the sources 10 and 
11 may be sdected to ■>«"««1'«r* different wavelei^ch transitions aworiatrri 
J with the qoantum dots. The souroe 10 may be modulated at a given bit nxe» 
tdieieas the sonice 11 acts as a targA wavelength, with the resuh that the 
optical radiation 6om the source 11 beoomes modnlar f d in the fibre at the bit 
rate of the souroe 10; thereby effecting vmrdeaph omvenion. 

n The ma&u&ccuie of a specific eionqtle of an c^dcal fibi« for use as an 
amplifier will now be described. 

Eannqde 

A hollow piefbrm of sodalime glass was drawn into an elongate sheath with 

a aninnerdiameterof5/im for its central opening and an outer diameter of 
125fan, and cut to a length of ISem. The sheath had a refractive index of 
1.45. The central opening was filled with a colloidal sohttion of quantum 
dots of FbS material with a mean diameur of 5-lOnm m a si^ort medium of 
tohiene. The filling was achieved bjr cqnUaiy action and negative pressure, as 

30 previously described. The ends of the central opening were left open, as the 
ooUoidalsohition is held in place by capillary action. However, the ends can 
be filled widi an f^dcaUy tranqHuem phig^ material, if reqmred. The 
tynjati cottoentradon of the quantum dots in die support medmm was 
qiprozimately l%byTofaune. The ooDoidal sohition containing the quantum 

25 dots exhibited a refractive index of 1 JO. The quantum dots exhibited band 
gaps over a rai^ of 0.8 • 1.0 ev as a function of (Bameier, whidi permitted 
broadband hmirymtr over a range 1.3 - 1.5 ^ for light fed into the fibre, 
^en punned at a wavdength of 1.06fan so as to provide broadband 
an^lification in the two wavelength ranges often used for optical 

30 tdeoommunications. 

The resukii^ fibre tends to styport a singjet ranimiwion mode, but if the. 
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diameter of the centnl opening is inerea^ 
achieved. 

The PhS quantum dott were fonned by^ pzec^itation fitun an aqueous 
sohmon of a sohible lead sak e* Pb^ or Pb(OCCXMJa, using as the 
ptedpicating agent, in the presence of sodhmi polyphosphate as a stabiliser. 
The resnking quantum dots were then dried so as to form a powder which 
was then dispersed in tohwne in order to produce the coUoidal sohition to be 
used as the filler material for the sheath. 



In order to aid luminescence, it is desirable to saturate the bonds which hang 
^ at the surface of the quantum dots. This can be done by arresting the 
growth of the dots by adding Pb(OH,) so that the bonds which hang firee are 
satttzated with hydroKyl radicals. Altemativdy, a so called "hard boikd egg" 
i> «nicinw can be formed in irfiidi another semiconductor material is g^ 
the surfiw of the quaiitum dots. For enmple, for PbS dots, the yellow of the 
egg is PbS and the white may be a l^er of CdS grown subsequently. 
Akemativdy "egp" with a yellow of PbSe and • white of CdSe can be 
formed. An exari^ of this type of struicuie has been rq)orted by A. Mews 

30 etal. Journal of Physical Chemistry (1994) 98, p934. 

Other nwdifications fan within the scope of the invention. For csample, the 
cladding material may not have its opening disposed centrally. Furthermore, 
the daddmg n»y surround a solid core hawing a refractive index greater 
25 that of the chulding, the core hawng an qpenmgtherem that receives the 
colloidal sohition of quantum dots. This would reduce the restriction on the 
«&active inder of the cofloidal sohition of quantum dots, and it may be 

possible to use a colloidal sohition of quantum dott with a refractive index the 
same as or possibly a liitk lower than the refractive index of the dadding, 
M with the refauxiveirulex of the core being hi|^ than that of the daddi^ 

Also, the dadding may indude more than one opening that receives the 
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colloidal lohtttoa of quantum docs, e.g. in the manner of a muldrocne optical 
fibre. 

Whik: the colloid described in the esamples con^nstt i|imtii]Xi dots 
5 dispmcd in a liijntd support tnidhim, other states of support medium could 
be nsed» e.g. solids and gases. 

In any or all of these amstructions, the fibre may be formed from a non-silica 
^izss such as a floride glass, or even a non*vitreous material such as a plastics 
JO material e.g. PMMA* 

The optical amplifier described herein can be used in a resonant cavity to 
provide a laser. For ezan^Ie, the fibre as shown in F^ure 4 can be provided 
with sexni-re&active surfaces at the splice 6 and at the free end, to provide a 
15 Fabry-Perot resonant cavity, desired, a pigtail fibre with refractive index 
gratis^ mqr be Btteched to the free end of the fibre 1 to tune the cavity. 

In another modificarion* the colloid of ^piantum dots may be used in a 
waveguide structurei vAuidi may itself be included in a resonant cavity e.g. to 
30 provide a laser, in which the waveguide is not a fibre defined by a 
but instead a channel formed in a substrate or some other non-fibre 
confirming structure. 

As vscd herein, the term 'optical* includes both visible and nonrvisS>Ie optical 
25 radiation, such as uhra violet and infirared. 
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1. An optical flbie with a light goidmg lepon f h a n icrf riff c l by > coDoid 
of quantum dots (3»^ theieuL 

2. An optical fibre acooniisg to ddm 1 wherein the material of the 
quantomdots (4) is alD-V, H-VI or I-VH material or an alloy theieof. 

3. An optical fibre according to daiml or 2 wherem the material of the 
M quantum dots (4) is selected &omCdS,CdSe,PbS.ZnS,Zn0.riO»A8l, 

A^r,HgI>PbSe,ZnTe,CdTe,InA.Ina5e»CdjP^ C«^,As» and GaAs. 

4. An oprical fibre aecorfing to any preceding daimwherritt the dots 
have a dumeter conge of 1<50 sm. 

5. An optical fibre according to any precedmgdaim wherein the dots 
have a i^iti"*****' rai^ of 1«20 nm. 

6. An optical fibre acconfing to any preceding daim wheiwn the 
JO quantum dots have a diameter range of 1 J-2.0 nm. 

7. An optical fibre according to daim 1 wherein the quantum dots have a 
diameter range of MO nm and are formed of FbS material 

» 8. An optical fibre according to any preceding daim wherein the colloid 
indndes a noiFVxtteottS support medhun m which the dots are (fispersed. 

9. An optical fibre aceorefing to daim 9 wherem the support medium 
con^rises an organic liquid. 

10. An optical fibre according to arqr preoedmg daim wherein the support 
ined«m» is sdected fiom didilorobenzene, tokwie, beniene, nitrobenzene, 
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pyxiileiie and carbon tecndUoride. 

11. An ojpdcd Shre aoooxding to any pmedxng daim wherein the 
^santnm dots are fenned from a fiist senoicondiictor material coated with a 

5 second different semiconduccor material 

12. An optical fibre according to any preceding daim inooipontted in an 
optical anq>Iifier. 

10 13. An optical fibie according to any one of daims Ito 12 incUiding 

pumping means (11) for optically pumping the fibrci and ix^nit means (10) for 
applying input signals to be anqilified to the fibre. 

14. An optical fibre according to any preceding daim and operative as a 
13 wavelength converter. 

15. An optical fibre acconfing to any precedii^ daim wherein the fibre 
indudesaooreandadadding(l). andthecolbidofquantum d^ (3,4) forms 
at least a pan of the core, 

30 

16. An optical fibre according to daim 15 wherrin the dadding is made of 
glass. 

17. An optical fibre according to daim 15 wherein the dadding is tubular 
23 and includes an opening (2) filled with the colloid. 

18. A method of making an optical fibre according to daim 16 or 17 
^"chidtffg causing the colloid of quantum dots to enter the openmg at least in 
part by csqpillary action. 

19. A method according to daim 18 indudins applying negari 
to one end of the fibre to assist in drawing the colloid therein. 
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20. A method of making an optical fibre acoozding any one of daxms 1 to 
17 wherein the quantum dots are formed initially by precipitation from a salt 
sohidon. 

5 21. A method according to claim 20 wherein the predpitased 
and then dispersed in the support mpdinm , 

22. A waveguide that includes an optical active con^Kinent that conqprises 
a colloid of quantum dots (4). 



10 



23. A waveguide according to claim 21 included in alaser resonant cavity. 

24. A waveguide acootdii^ to daim 21 or 22 inc h idi ng a channel in a 
substrate that contains said colloid of quantum dots. 

25. An optical fibre characterised by a coUoid of quantum dots therein 
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